Genetic linkage of mutational sites affecting similar characters in pneumococcus and streptococcus. J. Bacteriol. 87:86-96. 1964.-By interspecific transformation, deoxyribonucleic acid (DNA) determinants conferring resistance to high levels of streptomycin in pneumococcus were found to be allelic with DNA determinants conferring low levels of streptomycin resistance in the Challis and NBSI strains of streptococcus. The reciprocal transformation (low resistance pneumococcus X high resistance streptococcus) led to the same conclusion. In addition, determinants controlling resistance to erythromycin in pneumococcus and the Challis strain of streptococcus were found to become closely linked after interspecific transformation. Modifier genes influencing the phenotype conferred by mutations at the streptomycinresistance locus differentiate species to a certain extent. The results demonstrate that transformations between pneumococcus and streptococcus are not due to episomes, but involve recombinational events in which genetic material of the host species is replaced by homologous material that performed a similar function in the donor species.
The transfer of genetic material between bacteria belonging to different taxonomic species is known to occur; such transfer may be effected by conjugation, transduction, or transformation [for reviews, see Ravin (1960) and Marmur, Falkow, and Mandel (1963) ]. In general, interspecific transformation [i.e., transfer by means of deoxyribonucleic acid (DNA) molecules] is less efficient than is intraspecific transformation. At least in Haenophilus, the lower efficiency of interspecific transformation has been shown to be due not to specific permeability barriers but to difficulties in completing events following the uptake of transforming DNA (Schaeffer, 1957) . Schaeffer (1958) proposed a hypothesis according to which the regions of the DNA molecule adjacent to the genetic marker being followed play an important role in the integration of the transferred marker into the recipient genome. Differences in these regions between the recipient and donor DNA molecules would decrease the probability of effective pairing and, consequently, of recombination.
To test this hypothesis at the molecular level, one must first identify the specific molecules that undergo recombination in a given transformation event. Such identification is obtained when genetic linkage is established between a mutation in the recipient genome and a mutation transferred from the donor. Thus, the DNA molecules bearing these mutations must pair and undergo recombination for linkage to take place; their chemical structure may then be studied to determine the extent of their similarity or difference.
With this eventual purpose in mind, it was decided to determine whether mutations affecting the same character in different species were linkable by transformation. Two facts could be app)lied. First, interspecific transformations are known to occur between pneumococci and several strains of streptococci (Bracco et al., 1957; Pakula, Hulanicka, and Walezak, 1958b) . Second, all of the many spontaneous mutations conferring resistance to streptomycin in pneumococci are known to be linked (Rotheim and Ravin, 1961) . Similarly, all of several spontaneous mutations conferring resistance to erythromycin are known to occur at linked sites Iyer, 1961, 1962) . Therefore, one could transform pneumococcus (or streptococcus) bearing a spontaneous streptomycin-(or erythromycin-) resistance mutation with DNA from a streptococcus (or pneumococcus) which had also undergone a spontaneous mutation affecting the same character. By selecting transformants with an enhanced level of resistance, and then testing the transforming activity of their DNA, it would be possible to determine the relationship of the 86 pneumococcal and streptococcal mutations. Thus, the one mutation could have been replaced by the other in transformation (i.e., the two mutations could be allelic), or the two mutations might have recombined and, in doing so, become linked. Finally, the two mutations might have recombined and remained unlinked. If either of the former situations obtained, one would conclude that the mutations which arose in different species were situated in regions of their respective DNA molecules which recognized each other by pairing prior to recombination. That is, indeed, the conclusion warranted by the results described below. An earlier report was made of the rationale and preliminary findings of these experiments (Ravin, 1963) .
MATERIALS AND METHODS
Strains. The SIII-1 strain was used as the wild-type streptomycin-sensitive recipient of pneumococcus. Several spontaneous erythromycin-and streptomycin-resistant mutants of strain SIII-1 were also used in this work; the mutations they carry are designated ery-rS, str-r2, str-r3, and str-rl (Ravin and Iyer, 1961; Rotheim and Ravin, 1961) . The levels of resistance they confer are shown in Table 1 . The principal streptococcal strains employed were the Challis strain of group H hemolytic streptococcus, and an erythromycin-, streptomycin-resistant derivative, both of which were kindly furnished by R. Pakula. The wild-type (antibiotic-sensitive) Challis strain has been shown to undergo transformations readily with pneumococcus (Pakula et al., 1958b) . The mutations in the antibiotic-resistant derivative arose spontaneously (Pakula, personal communication) , and we have assigned to them the following genetic symbols: ery-r8 and str-r43. In addition, from the wild-type Challis strain a spontaneous mutant capable of resisting only a low level of streptomycin was selected in our laboratory; the symbol str-r44 has been assigned to this mutation. The levels of resistance conferred by these mutations are shown in Table 1 .
The Challis strain of streptococcus and the pneumococcus are readily distinguishable by at least four character-differences: resistance to 0.01% Optochin (streptococcus, +; pneumococcus, -), long chains of cells (streptococcus, +; pneumococcus, -), lysis in 1% bile (streptococcus, -; pneumococcus, +), and precipitability by 1:10 and higher dilutions of anti-R pneumococcal serum (streptococcus, -; pneumococcus, +). Another streptococcal strain used was the NBSI strain kindly supplied by C. M. MacLeod and described in a report from his laboratory (Bracco et al., 1957) .
Media. Pneumococcal strains were grown and transformed in NS medium [medium 3 of Ephrussi-Taylor (1951) but lacking extract of beef serum]. Streptococcal strains were grown and transformed in a medium consisting of 1.5 % Neopeptone, 1 % charcoal-adsorbed yeast extract, and 0.03% glucose. When dense suspensions of streptococci were desired, the glucose concentration was raised to 1% and the culture was continuously neutralized; further concentration was achieved by centrifugation and resuspension. The normal (nonselective) plating medium for either pneumococci or streptococci was medium 2 (Ephrussi-Taylor, 1951) .
Transformation. A strain to be used as recipient in a transformation reaction was grown in the presence of albumin (0.2 % sterile beef serum albumin in the case of pneumococcus, or 10% sterile swine serum previously heated for 30 min at 62 C in the case of streptococcus) until competence was acquired. The cells were then either use(l directly or frozen at -80 C after mixing with glycerine for a final concentration of 2.5%. Before use for transformation, frozen samples of competent cultures were thawed at room temperature. To 2 ml of medium containing albumin and an appropriate dilution of the DNA being tested, 0.2 ml of the competent culture (containing ca. 105 cells) was added, and the mixture was then incubated at 31 C for 15 to 20 min.
At that time, an excess of deoxyribonuclease (in the presence of Mg++) was added to terminate the exposure of the recipient cells to the transforming DNA. Phenotypic expression of the newly acquired genetic determinants was then allowed to occur in one of the following ways: (i) by incubation at 37 C for an appropriate period of time (2 hr for most markers), after which suitable dilutions were plated in selective agar media, or (ii) by direct plating of suitable dilutions in nonselective agar medium followed by incubation of the plates for an appropriate period of time, after which a top layer of selective agar medium was added (Ephrussi-Taylor, 1958 (Pakula et al., 1958a; Perry and Slade, 1962 ). An attempt to obtain transforming DNA by exposure to sodium lauryl sulfate at 70 C for 10 min (Marmur, 1961) was not successful. After adding an equal volume of absolute alcohol to the streptococcal lysate, however obtained, and dissolving the centrifuged precipitate with citrate-saline buffer, the DNA extraction was essentially similar to that for pneumococcal DNA.
All of the experiments involving Challis DNA were done with preparations obtained by enzymatic lysis. A few of the experiments were also done with DNA obtained by mechanical disruption. The results were similar with either type of DNA preparation, indicating that the amount of DNA fragmentation produced by the two methods did not differ in any detectable way.
Where it is not explicitly stated below, transformation experiments were done with satuirating concentrations of DNA, and were repeated with limiting concentrations without change in the general nature of the results other than a reduction in the frequency of transformation.
RESULTS
Interspecific transfer of str-r mutations and the role of modifier genes. The streptomycin-resistance (str-r) mutations are transferred discretely in intraspecific transformations. This was determined by transforming the wild-type, streptomycin-sensitive pneumococcus or streptococcus with DNA extracted from str-r mutants arising in the same species, and selecting in media containing a much lower concentration of streptomycin than the donor strain can resist (100 Ag/ml, for example, in the case of transformations involving the str-rl marker). From 50 to 100 colonies growing in the selective medium were isolated at random, and their levels of resistance were determined by velvet-replication. All of the transformants thus tested were found to have the phenotype of the donor strain.
In Table 1 are shown the results of transferring the str-r43 and str-r44 mutations from streptococcus to the wild-type pneumococcus strain as well as the results of transferring the str-rl mutation from pneumococcus to the wild-type strain of streptococcus. The maximal levels of resistance given in Table 1 were based on the criterion of 100% plating efficiency. There was some variability between determinations made in different experiments ( --20 % for the mutations conferring high levels of resistance; 410% or less for the mutations conferring low levels of resistance), and the rounded-off average of several experiments is given in the table.
There was no detectably different level of resistance conferred by the str-rl mutation in pneumococcus or in streptococcus. The str-r44 mutation, however, conferred a significantly higher level of resistance in streptococcus than when transferred into pneumococcus. Table 2 shows a comparison of the maximal level of resistance of three str-r44 transformants obtained in pneumococcus with that of three transformants obtained in streptococcus. It is clear that the difference in level of resistance is small, but significant. Moreover, the difference was quite reproducible from one experiment to another. Since all of the pneumococcal transformants obtained with streptococcal DNA bearing the str-r44 marker were phenotypically alike, we concluded that the transfer of str-r44 from streptococcus to pneumococcus occurs discretely, but that modifier genes, similar to those previously reported (Bryan 1961) , probably influence the level of resistance conferred by mutations occurring in the streptomycin-resistance locus (Rotheim and Ravin, 1961) . Of course, it is not possible to state in this case whether an enhancing modifier gene is present in the donor streptococcal strain or a suppressive modifier is present in the recipient pneumococcal strain. That modifier genes constitute part of the genotypic difference between streptococcus and pneumococcus is also indicated by the results of the experiments introducing the str-r43 marker from streptococcus into pneumococcus. In this case, three distinct phenotypic classes of transformants were obtained: those resisting a maximum of ca. 1,000, ca. 2,000, and ca. 4,000 ,g/ml of streptomycin, respectively. These transformant types were genetically stable, since the differences in their maximal levels of resistance persisted after more than 60 generations of growth. The possibility was examined that the str-r43 mutation is not transferred as a single unit into the pneumococcus. For this purpose, DNA was prepared from a pneumococcal culture of each of the three transformed classes. The action of DNA from these sources on wild-type pneumococcus is shown in the DNA of the original streptococcal donor, and in roughly the same proportions. Thus, we concluded that the different phenotypic levels induced by the streptococcal str-r43 marker in pneumococcus is not due to a break-up of this marker in being integrated into the pneumococcal genome, but is due rather to a heterogeneity in the recipient population of wild-type pneumococci. Such heterogeneity appears to be due to genetic differences capable of modifying the level of resistance conferred by the str-r43 mutation, since two populations derived from single wildtype cells proved to be uniform in respect to the phenotype of transformants induced by DNA str-r43 (resistance level of 2,000 ,ug/ml).
Linkage of spontaneous str-r mutations arising in pneumococcus. Figure 1 is a genetic map showing the linkage of the many spontaneous mutations that have been analyzed in pneumococcus (Rotheim and Ravin, 1961; unpublished data) . Briefly, the situation may be summarized as follows. The spontaneous mutations are localiza- Transformation of an str-r mutant by DNA containing an str-r mutation of heterospecific origin.
Three crosses were carried out involving a "lowlevel" str-r mutation of one species and a "highlevel" str-r mutation of the other species. They are listed in Table 4 along with a summary of the results. The pneumococcal str-rl mutation, which is a site C mutation, was transferable into the streptococcal str-r44 strain. If one selects transformants in a concentration of 500 to 1,000 ,ug/ml of streptomycin, which suppresses the growth of * Transformant genotype was determined by preparing DNA from the transformants arising from the cross. This DNA was then tested on the wild-type (streptomycin-sensitive) strain of the host used in the cross. The number of phenotypic classes, and the levels of resistance they confer, identify the genotype of this DNA. t DNA extracted from streptococcus str-(r44)-r1 with DNA from pneumococcus str-rl) was tested.
any untransformed recipient cells, all of the dozen or so colonies isolated prove to be phenotypically identical to each other and to the pneumococcal donor strain in resisting 5,000 ,g/ml of streptomycin. To determine whether the str-rl mutation replaced or combined with the str-r44 mutation, DNA was extracted from one of the transformants and tested on the wild-type streptococcal strain. The results of a typical experiment are shown in Table 5 . It is clear that a replacement of the streptococcal by the pneumococcal mutation takes place in the interspecific transformation.
Similar results were obtained by treating a site A (str-r2) or a site B (str-rS) mutant of pneumococcus with DNA from the str-r43 mutant of streptococcus. The results of the "cross" involving the str-rS pneumococcal recipient and str-r43 streptococcal donor are shown in Table  6 . The str-rS pneumococci were not transformed with as high a frequency by the streptococcal str-r43 marker as they were by a pneumococcal site C (str-rl) marker. The explanation for this finding is discussed further below. The transformants obtained by selecting at 750 ,g/ml of streptomycin were found, upon isolation and testing by velvet-replication, to resist over 1,000
,ug/ml of streptomycin. On further testing a few of these isolates, the maximal level of resistance was found to be 2,000 ,ug/ml (Table 4) , which is similar to that produced by transforming wildtype pneumococcus with streptococcal str-r43 DNA (Table 1) . To determine whether these transformants still possessed the str-rS mutation, DNA was prepared from them and tested on the wild-type pneumococcal strain. As can be seen (obtained by transforming streptococcus str-r44 Table 7 , such a DNA did not produce a class of transformants capable of resisting at most 150 ug/ml. Indeed, the transformants were identical phenotypically to those produced by streptococcal str-r43 in the wild-type pneumococcus. Thus, in the transformation of pneumococcus str-r3 by streptococcal str-r43 DNA, the streptococcal mutation replaced the pneumococcal mutation. Similar results were obtained by "crossing" the str-r2 pneumococcal recipient with the str-r43 streptococcal donor (Table 4) . Hence, str-r43 behaved like a site C mutation of pneumococcus in that it covered mutations at both sites A and B.
Linkage of the pneumococcal ery-r3 mutation with the streptccoccal ery-r8 mutation. The streptococcal ery-r8 marker is transferable into wildtype pneumococci, and upon being transferred confers resistance upon the pneumococcus to 10 Ag/ml of erythromycin (Table 1 ). The frequency of such transformations is very low, however, due to at least three conditions: (i) the relatively low efficiency of transfer of markers from streptococcal DNA into pneumococcus (see below), (ii) the low intrinsic rate of integration of the ery-r8 marker into a recipient genome, and (iii) the slowness of phenotypic expression of the newly introduced ery-r8 marker. In these latter respects, ery-r8 is like the pneumococcal ery-r7 mutation (Ravin and Iyer, 1961; Iyer, 1962) . It is interesting that ery-r7 and ery-r8 are also similar in conferring fairly high levels of resistance to erythromycin. After successfully transferring the ery-r8 mutation into wild-type pneumococcus, the pneumococcal str-rl mutation was introduced in a second round of transformation to produce the doubly marked ery-r8 str-rl pneumococcal strain. A DNA was prepared from this strain and tested on both wild-type and ery-rS pneumococci (Table  8) . It is evident that the ery-r8 mutation is transferred discretely, and that it takes considerably longer than 3 hr for it to be expressed in all of the cells into which it has been introduced by transformation. By 3 hr, all cells transformed by the str-rl marker have already expressed their new phenotype. Indeed, it also appears that the ery-r8 marker has a low probability of integration compared with the str-rl marker, for considerably more 8tr-rl than ery-r8 transformants were obtained regardless of the time allowed for phenotypic expression. It may also be noted that there is no difference in phenotype produced by the ery-r8 mutation in wild-type and ery-rS recipients. Wild-type cells transformed by the ery-r8 mutation grow, when tested by velvet-replication, on agar containing 10 ,ug/ml of erythromycin. The threshold concentration of erythromycin which inhibits the growth of ery-r8 transformants on agar plates has proved to vary considerably in c Determined by velvet-replication.
d Genotypes of two transformants determined: one ery-r3-r8, one ery-r8.
0 Genotypes of five transformants determined: two ery-r3-r8, three ery-r8.
retests of the same isolated strains, the inhibiting concentration appearing to oscillate between 10 and 60 jg/ml. In regard to both maximal level of resistance and its variability, ery-rS cells transformed by the ery-r8 mutation are identical with wild-type cells transformed by this mutant marker. By the use of macrolide antibiotics related to erythromycin, such as tylosin and oleandomycin (Iyer, Ache, and Ravin, unpublished data), further attempts were made to discriminate between wild-type and ery-rS cells transformed by the ery-r8 marker; these attempts, however, were unsuccessful. Although this finding suggests that the ery-r3 marker is replaced by the ery-r8 marker in the cross ery-r3 X ery-r8, this supposition is not confirmed by the results subsequently obtained with DNA extracted from ery-r3 cells transformed by the ery-r8 mutation (Table 9 ). Such a DNA produces two phenotypic classes of transformants: those capable of resisting at most 1 jig of erythromycin per ml, and those capable of resisting at least 10 ,ug/ml. The former class corresponds to cells of the ery-r3 genotype, which means that the ery-rS mutation was not replaced by the ery-r8 mutation. The proportion of the latter class to the former class, among the total number of transformants selected, increased as the amount of time allotted for phenotypic expression increased. That is what would be expected from the behavior of the ery-r8 marker. The genotype of the transformants resisting the high level of erythromycin could, however, be either ery-r8 or ery-rS-r8. The fact that the proportion of this class to the ery-r3 class was unaffected by the concentration of DNA employed is good evidence that the ery-rS and ery-r8 markers are linked. If this were true, a large proportion of the transformants resisting a high level of erythromycin should be ery-r3-r8 in genotype. To check this expectation, five DNA preparations were made from high-level resistant transformants produced at a low, transformation-limiting DNA concentration, and two DNA preparations were made from similar transformants produced at a saturating DNA concentration. Two of the former and one of the latter preparations proved to possess, besides ery-r8, the ery-r3 marker, as evidenced by their inducing in wild-type cells a class capable of resisting at most 1 ,jg of erythromycin per ml.
Thus, we conclude that the ery-r8 marker of pneumococcus and the ery-r8 marker of streptococcus are linked. A DNA preparation from an ery-r3-r8 strain produces three classes of transformants: ery-r3, ery-r8, and ery-r3-r8, the latter class occurring at a fairly high frequency. Unfortunately, the ery-r8 and ery-r3-r8 transformants cannot be distinguished by a direct phenotypic test, but only by a genetic test.
Influence of the quality of the DNA preparation on the frequency of interspecific transformations. In the course of transforming pneumococci or streptococci with streptococcal DNA, it was Transformation Gf str-r mutants in ether streptococcal strains by the pneumococcal str-rl mutation.
It was next of interest to determine whether streptococcal species which transform less readily than the Challis strain does with pneumococcal DNA (initially as determined by overall transformation frequency) also give rise to str-r mutations allelic with those in pneumococcus. As a start in this direction, the NBSI strain of hemolytic streptococcus was resorted to. In our hands, this strain was transformed by the str-rl marker in pneumococcal DNA with about one-hundredth the frequency that the Challis strain was transformed by the same DNA. A spontaneous mutant capable of resisting at most 50 ,ug of streptomycin per ml was selected in the NBSI strain. This NBSI mutant (str-r50) was then transformed by pneumococcal DNA bearing the str-rl mutation. Transformants were selected in the usual manner, and their phenotypes proved to be similar to that conferred by str-rl in pneumococcus. A DNA preparation was made from one of these transformants, and it was tested on the wild-type NBSI strain in the manner described above. (This DNA was obtained by extraction with a Hughes press, since the NBSI strain was not lysed by the Maxted enzyme.) This DNA revealed activity only of the str-rl marker, meaning that the str-r5O marker in the NBSI strain had been replaced by the str-rl marker of pneumococcus.
These results indicate that homology of the genetic determinants affecting streptomycin resistance may be fairly widespread among the pneumococci and streptococci.
DISCUSSION The experiments that we have described show that, for at least two different characters (resistance to erythromycin and resistance to streptomycin, respectively), genetic determinants (or mutations) in different, albeit related, species are homologous. This is shown by transferring into a bacterium already containing one mutation a mutation of heterospecific origin, and then finding close genetic linkage between the sites of the two mutations. Indeed, the mutations that confer high levels of streptomycin resistance in one species are allelic with (i.e., replace) mutations that confer low levels of streptomycin resistance in the other species. While the extent of genetic homology between different bacterial species has also been shown in the similarity of gene order in the "chromosome" maps of related species (Zinder, 1960) , the degree of linkage between mutations of heterospecific origin provides an even finer measure of homology.
It will be of interest now to determine the molecular basis of this genetic homology. Is there compositional similarity in the regions of DNA affecting similar function in different species? If so, does such similarity alone account for the molecular "recognition" involved in synapsis and recombination of DNA molecules? Or must other structural conditions prevail for these processes to occur? There are now physicochemical means for attacking such genetic questions (Rolfe and Ephrussi-Taylor, 1961; Roger and Hotchkiss, 1961; Guild, 1963) .
The finding that the mutation of one species links with, and in some cases replaces, a mutation of another species as a result of interspecific transformation is important for still another reason. It permits the conclusion that interspecific transformations between pneumococci and streptococci involve genetic recombination between the host genome and determinants of heterospecific origin. They are not due to the transfer of episomes which either are reproduced autonomously of the genome of the new host species, or, when genetically integrated, are additions to, rather than substitutions in, the host genome [for review, see Campbell (1962) ].
The Challis strain of streptococcus was deliberately chosen because it transforms so readily with pneumococcal DNA. It was felt that, if homology were to be found between genetic determinants affecting the same function in different species, it would be most readily uncovered in species which transform each other easily. The results reported above confirm this approach. We have now begun a survey of various streptococcal species with the following intentions: (i) to determine how widespread is the homology of the determinants affecting streptomycin-resistance, and (ii) to determine whether there is a correlation between the homology of these determinants and interspecific transforming efficiency. Does genetic homology disappear as transforming efficiency disappears? Obviously, to control variations in the ability of recipient strains to adsorb DNA, transforming efficiency will have to be measured, by use of radioactivelabeled DNA, in terms of the number of transformants produced per given quantity of labeled atoms taken up (Lerman and Tolmach, 1957) . Moreover, as indicated by our own results, variations in DNA quality will have to be controlled by use of standardized methods of DNA extraction and purification for all strains employed. Preliminary as our results with the Challis and NBSI strains are in this respect, they indicate, nevertheless, that genetic homology of the str-r locus is widespread among the streptococcipneumococci, and suggest that mutual recognition of the str-r locus persists between species even as ability to transform each other declines. This result could mean that, while differentiation of various gene loci occurs as speciation proceeds, the structures of loci affecting the same function in different species have more in common with each other than they do with the structures of loci affecting different function. Thus, loci affecting similar functions may recognize each other by pairing and recombining, even though the similarities at or adjacent to the corresponding loci are not exact and, consequently, the efficiency of pairing is not great.
That certain genetic homologies may persist while other genetic differentiation is occurring between species is obvious from other considerations of our own data. First of all, there are genetic differences between the streptococcus and the pneumococcus, in respect to bile solubility, Optochin resistance, somatic antigens, and so on. Secondly, there are specific differences in modifier genes which affect the level of streptomycin resistance conferred by mutations at the str-r locus. Thus, the overall genotype may vary while the mutual recognition of specific genes remains. Hopefully, therefore, studies of genetic homology may provide information about bacterial evolution while helping to elucidate the mechanism of genetic recombination.
